Nitrile-butadiene rubber (NBR) with different acrylonitrile contents were eroded by quartz slurry using a self-made erosion testing apparatus to study the erosion wear behavior. Quartz slurry with a concentration of 33 wt.% was used to impact the specimen surface at 45° sample angle. The experimental data, such as erosion rate, hardness and swelling increment were compared and analyzed. The morphologies of worn surfaces were characterized using the field emission scanning electron microscopy to reveal the wear mechanism. The results showed that the acrylonitrile content in the molecular chains had a significant effect on the erosion performance of NBR. Furthermore, a static swelling test was conducted as a contrast experiment to investigate the effect of erosion on the swelling behavior of rubber surface. By comparing the results it could be found that the dynamic swelling increment during the erosion test was almost four or five times larger than that of static swelling. Mechanism of the interaction between swelling and erosion was also discussed.
INTRODUCTION 
Slurry is generally defined as a mixture of liquid and solid particles that can be transported by pumping. Mineral separation and transportation in the form of slurry is an increasingly viable alternative in the mining industry. The main factor related to the expenses of such projects is wear. The wear environment, including mechanical wear and corrosion, dictates the initial capital, maintenance costs and service life of equipment [1 -4] . Being a polymer, the nitrile-butadiene rubber (NBR) is well known in virtue of its high resistance to wear and corrosion [5, 6] . Therefore, NBR is widely used to manufacture wear-resistant components in mining industry.
The tribological property of rubber-like material has been investigated by many researchers. However, more attentions in this field have been given to the friction and wear properties of materials, only a few studies relate to their erosion behavior. Ojala et al. [1] compared the wear behavior of rubber, polyurethanes and steels under slurry erosion condition. The results indicated that elastomers showed better wear resistance in low-stress abrasive erosion with the smallest particles. Arnold and Wood et al. [7 -11] tested rubber and several elastomers to study their damage mechanisms under erosion. During the service life, some rubber-made components are not only eroded by particles, but also long-term exposed to liquid medium. Consequently, the role of swelling should also be taken into account when evaluating rubber properties. Mofidi et al. [12, 13] found that, after aging in various solutions, the wear resistance of NBR would reduce. According to the investigation of Lv [14] , the wear volume of the NBR swelled in cyclohexane was more serious than that of an original one.
It can be indicated from the above studies and other researches [15 -18] that swelling-induced ageing of rubber in liquid is inevitable, such ageing behavior could gradually change the structure and degrade the mechanical property of rubber. Furthermore, the tribological behaviour could also promote swelling. Zuev et al. [19] found that the influence of aggressive medium could benefit from the mechanical actions.
Considering all the aforementioned, it is believed that the tribological failure of rubber in liquid medium could be attributed to a combined action of swelling-induced ageing and mechanical wear [20] . The interaction between them is well worth to be investigated. However, amongst all the researches related to the tribology of rubber, few scholars have studied the swelling or erosion behavior, and there is almost no reports about their interaction.
In the present investigation, three kinds of NBR with different acrylonitrile contents were eroded by quartz slurry to study their erosion wear behavior. A new erosion testing apparatus that can change various experimental parameters, such as particle sizes, slurry concentrations, sample angles and so on, was designed and built for the test. The swelling behavior and erosion resistance were investigated and the mechanism of their interaction was also revealed.
EXPERIMENTAL

Testing apparatus
Conventional erosion testers were investigated, it was found that most of the equipment were designed for metal. As generally known, there is great distinction in erosion mechanism between rubber and metal. As an elastomer, rubber is susceptible to deform while encountering impact. Beyond that, shortcomings, such as inflexible parameter adjustment, excessive cost and so on, could be found in the testers manufactured for eroding rubber.
According to the ASTM standards (G76-07 and G134-06), a new slurry erosion apparatus was designed and built to test erosion wear properties of target materials for the present investigation. The schematic diagrams of the tester and nozzle are displayed in Fig. 1 and Fig. 2 , respectively. The main characteristics of the erosion testing apparatus are as follow. 1. Experimental data at any angle could be obtained owing to the sample holder was attached to a rotating shaft; 2. Specimens could be fixed into a sample groove by two bolts to avoid error causing by the elastic deformation during the erosion process; 3. The volume and structure of the slurry tank and the power of the agitator motor were determined after strict design and accurate calculation in order to make the particles well-distributed in slurry and reduce the bottom deposition. The maximum permissible concentration of slurry is 40 wt.%; 4. By adjusting the system pressure, the slurry velocity could be controlled freely from 0 to 25 m/s; 5. A visualization window was designed for the sample room to facilitate real-time observation of experiment; 6. The nozzle could be replaced to meet varied test requirements. 
Materials
The materials selected for the investigation were three kinds of NBR with different acrylonitrile contents, 18 wt.%, 26 wt.% and 41 wt.% (abbreviated as N18, N26 and N41, respectively). The NBR specimens were made in a laboratory based on the masterbatch produced by Lanzhou Petroleum and Chemical Company in China. The main chemical compositions and their weight fraction are listed in Table 1 .
After plasticizing on open roll mill, various ingredients were added to masterbatch for mixing. Mixed compound was finally vulcanized using press vulcanizer. The special mould was used to press the blend into blocks with the size of 40 mm × 25 mm × 6 mm. The hardness of NBR specimens were controlled between 70 and 80 Shore A. The fabrication procedure is shown in Fig. 3 . 
Abrasive slurry
Angular and irregular quartz sand with a size of 20 -40 mesh and a hardness of 7 on the Mohs' scale was selected as erodent particles; Fig. 4 shows its morphology. 33 kg quartz sand and 67 kg water (deionized water, industrial grade) were mixed into quartz slurry with a concentration of 33 wt.%. The quartz slurry was changed after each test to minimize the mutual impact of particles.
Erosion test
Erosion tests were carried out according to the standard (GB/T 12584-2008). Specimens were mounted into the sample groove with a horizontal distance of 50 mm from the end of the nozzle to the testing surface, and the sample angle was adjusted at 45º. The slurry velocity was controlled around 22.8 m/s. Before and after each test, every specimen was dried in an oven at 90 °C for 2 h to avoid the influence of absorbed water on its weight. The specimens were weighed on an electronic scale with a precision of 0.1 mg both before and after dried. The weight loss was calculated, each datum was an average of 5 repeated test values.
Fig. 4. Scanning electron micrograph of erodent particles
It is more accurate to calculate erosion rate by volumetric loss than by mass loss when the specimens have different densities and different swelling characteristics, as proposed by Finnie [21] . During the erosion period, more particles impact on the surface of the specimens would remove more material from the surface, and the mass remove per seconds depend on the total amounts of particles [22, 23] , the formula of erosion rate is as follow:
Volumetric removal per second, cm 3 
The morphology of the particles and the surface of the eroded specimens were observed by the SU8010 field emission scanning electron microscopy (FESEM), Hitachi Ltd., Japan. After cleaning treatment, the worn surface of the specimen was coated with a thin layer of carbon by sputtering. The micrograph was obtained at an accelerating voltage of 10 kV.
RESULTS AND DISCUSSION
Repeatability of the erosion testing apparatus
To confirm the repeatability, five pieces of N26 specimens were tested by the tester under the same condition, the test variables are listed in Table 2 . After being calculated, the average value of erosion rates is 9.42 cm 3 /kg, and the standard deviation is 0.32. It could be found that the erosion rates were closed enough to confirm the repeatability of this tester was satisfactory. Thus, the utilization of this tester was an effective way to investigate the slurry erosion behavior of NBR specimen. 
Results of erosion tests
In order to examine erosion behavior of NBR in abrasive slurry, erosion tests on three kinds of materials were carried out by the tester, the test conditions were the same with that listed in Table 2 . Fig. 5 shows their erosion rates; each value is the average value of 5 repeated tests. It can be seen that N18 was the most eroded, and among them, the erosion rates of N41 was the lowest. The erosion rate decreased with the increasing of the acrylonitrile content in the molecular chains of this 3 kinds of NBR specimens, which means under experimental condition, acrylonitrile improved the erosion performance of NBR. 6 shows the Shore A hardness of the three kinds of NBR specimens both before and after test, each test was repeated 5 times to indicate the error bar of standard deviation. As a result, the hardness of NBR specimens showed an increase tendency with the growth of acrylonitrile content both before and after test. For each kind of specimen, the hardness decreased after test, and it is notable that the descent rate reduces with increasing of their 18 26 
Worn surface observation and wear mechanism analyses
To better reveal the erosion behavior of NBR under abrasive slurry erosion, the wear marks were observed by FESEM. Fig. 7 gives the worn surface morphologies, after blasting for 4 hours, pitting, holes and lamellar spalling were intuitively exhibited in these morphologies. Obviously, the surface of N18 was eroded more seriously than that of N26 and N41, and it was almost entirely spalled, larger holes, tears and lamellar spalling appeared. While the worn surface of N41 was relatively smooth, only mild pitting and few lamellar spalling could be observed. This directly proved that the erosion rate of N41 in abrasive slurry erosion was lower than that of N18, as shown in Fig. 5 . It could be indicated that, under experimental condition, the erosion resistance increased with the increasing of the acrylonitrile content, which means acrylonitrile improved erosion performance of NBR.
Apart from the spalling and pitting, tooth-typed grooves can also be observed in Fig. 7 . This is evidently due to NBR specimens were cut and torn by the quartz particles with high speed and sharp tips during erosion process, furthermore, the particles have much higher hardness than the NBR specimens. This mechanism had been observed by other researchers [7 -10] .
Interaction between swelling and erosion
The molecular chains in vulcanized rubber are usually loosely gathered, and there are large gaps in the molecular network. Aggressive medium can penetrate into these gaps leading to volume expansion and weight increase, this is the swelling phenomenon of rubber [14] . As the carrier of erodent particles, the liquid medium could infiltrate into the rubber during erosion process, causing the dynamic swelling of rubber, which will make the rubber aged and further affected the tribological properties [24, 25] . The investigations of Lv et al. [16, 19] showed that after swelling, the wear performance of NBR reduced, the hardness decreased, and the surface damage became more serious. Ch'ng [25] reported that the amount of swelling of rubber in solvent is affected by loading. During the erosion test, the surface of NBR specimen was acted upon by impulsive force caused by the impact of slurry with a certain amount of kinetic energy, which met the conditions of swelling increment presented by Ch'ng. Thus it can be seen that not only swelling can affect the tribological properties of rubber, but also erosion behavior can increase the amount of swelling. Therefore, it is essential to understand the interaction between swelling and erosion wear behavior of rubber.
A static swelling test was conducted as a contrast experiment to investigate the effect of erosion on rubber swelling. Dynamic and static swelling increment of three kinds of NBR specimens are shown in Fig. 8 . The dynamic increment data were collected in accordance with the experimental conditions shown in Table 2 , and the static swelling data was acquired after immersing the NBR specimens in deionized water for 4 h at ambient temperature and pressure. The dynamic swelling increment that generated during the erosion test was almost four to eight times larger than the increments of static swelling in immersion experiment, it proved that erosion behavior did increase the swelling amount of NBR specimens. Under the impact of slurry, defects such as cracks, pitting, holes and so on gradually appeared on the surface of specimens, as shown in Fig. 9 a. The defects made the surface worn in the form of lamellar spalling and formed the ridge pattern with a sharp top, as shown in Fig. 9 b. Fig. 9 c shows the swelling morphology of N26, it is clearly that water swelling of worn surface is more serious than the surface without any abrasion. That is due to the impulsive force of slurry not only compressed the specimen surface, but also extruded the liquid medium to make it infiltrate into rubber surface. And the lamellar spalling and ridge pattern increased the contact area between worn surface and slurry, making the liquid medium infiltrate into rubber surface more easily and leading to the increase of dynamic swelling increment. The swelling further weakened the surface properties and made rubber surface easier to be torn out. 
A discussion on erosion behaviors of NBR
When erosion test began, the surface of NBR specimen was impacted and acted upon by impulsive force caused by the slurry with a certain amount of kinetic energy. The impulsive force led to compressive force acting on the surface of specimen, which could be divided into two components that were the stress caused by water and the stress caused by solid particles. So the stress state of specimen surface in the erosion tests was repeating compression stress caused by water and periodic pressing and relaxing due to the impact of solid particles. The former made the surface swell, while the latter made the surface erode. Fig. 10 gives the formation process of rubber eroded by solid particles. At first, under the impact of particles, surface deformed and cracks appeared. When the deformation area was impacted by subsequent particles, the cracks grew, the deformation aggravated and the tongue formed. The creation of the debris was due to the tongue was broken off by subsequent shocks. The two processes, surface damage (including the growth of crack and the formation of tongue) and break of the tongue, periodically generated on the surface of NBR specimens under the repeated actions of compressive and shear force caused by slurry.
When the first layer of rubber surface was eroded by particles, the internal structure would be directly exposed to the impact of slurry. The liquid penetrated into molecular network of rubber could further extend the molecular chains, increased the distance between the chain segments and destroyed the molecular network, that would allow more liquid to enter into the rubber and was also the reason why the hardness of NBR specimens decreased after test, as shown in Fig. 7 . Therefore, the tribological properties of swelled specimens could gradually reduce, meanwhile, the cracks were more easily to be generated and extended by surface compressive stress and surface shear stress. These cracks not only increased the amount of surface damage, but also shortened the time of damage generation and propagation. When the cracks expanded large enough, another layer would be broken off from rubber surface in a lamellar form. Thus, the worn surface of NBR specimen was peeled off from layer after layer.
Compared with the swelling and erosion behaviors of three kinds of NBR specimens, it could be found that the rubber with higher acrylonitrile content had higher hardness, better erosion resistance and better swelling resistance, as shown in Fig. 6, Fig. 5, and Fig. 9 , respectively. The reason is that the cohesive energy density and the solubility parameter of NBR were strengthened with the increasing of acrylonitrile content in the molecular chains [26] . As a hard monomer and a polar monomer, acrylonitrile can form hydrogen bonds and adequately combine with reinforcing carbon black that makes the crosslinking network of rubber denser. Thereby the intermolecular forces and the difficulty of internal rotation within molecular chain are both strengthened by the increasing content of acrylonitrile, which explained the hardness descent rate of N41 after being eroded was smaller than that of N18 and N26, as mentioned in Results of Erosion Tests Section. 
CONCLUSIONS
This study has investigated the wear behavior of NBR with different acrylonitrile contents in abrasive slurry erosion. Based on the above results and discussions, the following conclusions can be drawn: 1. A new erosion testing apparatus was designed and built, the results obtained by it was proved to be repeatable. 2. The improvement of the erosion performance of NBR specimens should be attributed to the acrylonitrile increased the hardness rather than change the wear mechanism. The hardness decreased after test, however the descent rate reduce with the increasing of their acrylonitrile content, the values were 2.44 %, 2.01 % and 1.32 %, respectively. 3. The influences of erosion behavior on the swelling increment of NBR specimens was proved by a contrast test, the dynamic swelling increment durning the erosion test was 4 to 8 times larger than that of static swelling. 4. The interaction between swelling and erosion was discussed, and the surface damage process of NBR under abrasive slurry erosion was analysed.
